Because of its potential to be used as a lead free solder material the thermodynamic properties of the liquid Al-Sn-Zn system were investigated. Using an appropriate galvanic cell, the partial free energies of Al were determined as a function of concentration and temperature. Thermodynamic properties were obtained for 30 alloys. Their composition was situated on three cross-sections with constant ratios of Sn:Zn = 2:1, 1:1 and 1:2. The integral Gibbs energy and the integral enthalpy for the ternary system at 973 K were calculated by Gibbs-Duhem integration.
Introduction
Since public awareness of environmental and health issues has never been greater, lead and lead containing alloys cause great environmental concern and health hazards. One of the main driving forces to eliminate lead in solder joints is the fact that the disposal of great amounts of electronic equipment (mobile phones, computers, TV-sets, and so on) in landfills can cause lead to leach out and contaminate the underground water and subsequently find its way into the human body. In this case it is more economical to replace lead in solder materials instead of cleaning up the electronic waste. Therefore the development of Pb-free solders has become an important issue in the electronic industry.
Soldering will remain a very important technology, unless there will be a sudden improvement in the adhesive joining technology, which anyway is unlikely to replace the soldering completely. It is safe to say that tin will remain the major component in solder. Looking at the periodic table of elements lead can be substituted in solders only by a few elements. The new alloys should have a similar melting temperature as Pb-Sn solders. Of course, melting temperature will not be the only criterion a substitute solder has to fulfill. Some other criteria for the substitute solder would be: Wetting properties, joint strength, fatigue resistance, non-toxicity, corrosion resistance and low cost.
Currently a great number of research activities are going on worldwide aiming at the replacement of lead in solder materials by other, less toxic or non-toxic elements. In the ideal case, this should be done without decrease in quality and without increase in costs. A literature review on the possible binary or ternary systems of lead free solders for electronic assembly is given by Hua and Glazer 1) and a report Lead-free Soldering (1999) 2) and the corresponding Update (2000).
3) A database for soldering alloys was established by Ishida et al. 4) At our institute the thermodynamic properties of the following systems Ag-Sn-Zn, 5) Au-Sn-Zn, 6) Cu-Sn-Zn 7) and InSn-Zn 8) were investigated. The discussion also includes the use of zinc. Zinc is sufficiently available, but it is well known that zinc causes problems with wettability and corrosion.
9) The eutectic Sn-Zn solder exhibits a better fatigue life than that of the conventional Pb-Sn eutectic solders.
10) The melting temperature of the eutectic Sn-Zn solder is 199
• C which is very close to the eutectic temperature of Pb-Sn.
Because zinc is very liable to oxidation a protective atmosphere might be needed for soldering when the solder material contains zinc. From the application point of view an enhancement in oxidation resistance will be necessary should Zn be considered as a soldering element. One possibility to improve the oxidation resistance is the alloying with a third element. This alloying element must have a low melting point and should form an oxidation resistance phase with tin or zinc. In a series of investigations aluminum is considered as a possible choice as an alloying element. Aluminum is very effective to improve the corrosion resistance of steel.
11) Extensive experimental studies of the ternary phase diagrams were carried out by Vincent and Sebaoun 12) and Sebaoun et al. 13) An assessment of the Al-Sn-Zn system was carried out by Fries et al. 14) and an evaluation of all the literature data is given by HubertProtopopescu and Hubert.
15) The microstructure of some AlSn-Zn alloys were measured by Lin and coworkers 16) and the oxidation resistance of 91Sn-8.55Zn-0.45Al (mass%) and some other alloys were determined also by Lin et al. 17) Since there are no thermodynamic data of the liquid phase available in the literature we decided to measure these properties by using an emf method. The thermodynamic properties of Al were measured at three cross-sections with a constant Sn to Zn ratio of 2:1, 1:1 and 1:2. A Gibbs-Duhem integration was carried out to determine the integral thermodynamic properties of the whole ternary system.
Experimental Procedure
The ternary alloys were prepared from starting materials of high purity 5N metals (from Johnson Matthey GmbH, Germany). In order to remove the oxide layer from the surface of Sn and Al both metals were polished with a fine emery paper and Zn was cleaned prior to its use by melting it under vacuum and filtering the liquid metal through quartz wool under a purified argon atmosphere. The metals were weighed, put into alumina crucibles and these crucibles were sealed into a quartz tube and kept in a furnace for three days at 1023 K. Afterwards the samples were quenched in ice water. The liquid electrolyte for the emf measurements was a eutectic mixture of KCl and LiCl with the addition of 0.5 mol%AlCl 3 . The preparation of the electrolyte and the assembling of the cell is described in. 18) For electrodes an Mo-wire from Fa. Plansee (Austria) with 0.50 mm diameter was used. It was stable against the liquid Al during the time of measurements. For aluminum, tantalum is most resistant to corrosion among refractory materials but in our experiment Ta wires became very brittle therefore we changed to Mo-wires. 19) Thermodynamically, molybdenum should be less resistant against liquid aluminum than tantalum but in our work no perturbation of the emf during the measurements were observed.
Measurements were carried out on heating and cooling. Table 1 Emf data of liquid Al-Sn-Zn alloys.
Sn:Zn = 2:1 The temperature range of the experiment was from the liquidus temperature of the alloys up to 1000 K and the temperature gradient of the measurement was 10 K/h. The temperature and the emf were recorded automatically every five minutes. During the experiment the temperature was kept constant several times for a longer period in order to check the stability of the emf. For the evaluation of the thermodynamic properties only the cooling curves were used. For these emf measurements the following cell arrangment was used: 
, F is the Faraday constant, R the universal gas constant, E the measured emf of the cell and a Al the thermodynamic activity of aluminum in the ternary alloy. Using the results of the measured emf the activity of aluminum and the change of the Gibbs free energy were calculated. From the temperature dependence of E the partial molar entropy ∆S Al and enthalpy ∆H Al were derived using the following equations:
In order to calculate the integral thermodynamic properties of the ternary system, the Gibbs-Duhem equation given by Elliott and Chipman (eq. (12) in Ref . 20)) was applied.
Experimental Results
The thermodynamic data of the three binary systems were taken from the literature.
(1) Tin-Zinc System
In this system the thermodynamic properties were investigated by emf methods, [21] [22] [23] [24] [25] by calorimetric measurements [26] [27] [28] and by vapour pressure methods 29) and. 30) The thermodynamic activities were also measured by thermal analysis 31) and a torque effusion method. 32, 33) The wetting properties were investigated by Suganuma and Niihara. 34) The phase diagram was determined by Moser et al.
35) (2) Aluminum-Tin System
Calorimetric measurements were carried out by Wittig and Keil 36) and the phase diagram is given by McAlister and Kahan.
37) (3) Aluminum-Zinc System
The thermodynamic properties were determined by calorimetric measurements 36) and with an emf method. 38) The phase diagram is given by Murray 39) and Chen and Chang 40) calculated the phase diagram.
(4) Aluminum-Tin-Zinc System
The ternary phase diagram was studied by Vicent and Seboun 12, 13, 41, 42) and a critical evaluation of different reported investigations is given by Hubert-Protopopescu and Hubert. 15) Standard CALPHAD procedures were used to as- Fig. 2 Iso-Gibbs energy curves (∆G in kJ/g-atom) of the ternary Al-Sn-Zn system at 973 K. Table 3 Integral thermodynamic quantities of the Al-Sn-Zn system at 973 K. sess the ternary system and both binary aluminum systems during the European COST 507 program. 43) Calorimetric measurements were done by Aragon et al. 44) The microstructure of some of these alloys with a low aluminum content were investigated by Lin and coworkers. 16) We started our investigation from the binary Sn-Zn system by adding Al. The activity of Al was measured along three cross sections with a constant Sn:Zn ratio of 2:1, 1:1 and 1:2. At all cross sections the temperature vs. emf curves were straight lines. A least square fit was used and the emf is expressed by the following equation.
E(mV) = a + bT (K)
In Table 1 the parameters are given for all alloys. The activity of Al shows a positive deviation from Raoult's law. The results of our investigation in the ternary system are shown in Figs. 1(a), (b) , (c) and are given in Table 2 . We also tried to calculate the activity of aluminum by using the equations given by COST 507. 43) The agreement between our measured activities and the calculated ones is very good at the cross sections Sn:Zn = 1:1 and 1:2. A rather large deviation is found at the Sn:Zn = 2:1 cross section. The partial Gibbs energy, partial enthalpy and entropy of aluminum are also listed in Table 2 . The integral Gibbs energy and the integral enthalpy of mixing for the ternary Al-Sn-Zn system were calculated with an equation given by Elliott and Chipman. 20) The integration was carried out along the line of constant Sn:Zn ratios, and for the integration constant the values by Hultgren et al. 45) were used. The results are given in Table 3 and the integral Gibbs energy for the ternary system is plotted in Fig. 2. 
Summary
The investigation of the ternary Al-Sn-Zn system yields a consistent set of thermodynamic data of the liquid alloys, which may be useful for the development of new leadfree solder materials and also for the calculation of the ternary phase diagram and to determine the surface tension and the wettability with different models as it was done by Prasad et al. [46] [47] [48] 
